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Abstract 
Background: Meta‑barcoding of mixed pollen samples constitutes a suitable alternative to conventional pollen 
identification via light microscopy. Current approaches however have limitations in practicability due to low sample 
throughput and/or inefficient processing methods, e.g. separate steps for amplification and sample indexing.
Results: We thus developed a new primer‑adapter design for high throughput sequencing with the Illumina tech‑
nology that remedies these issues. It uses a dual‑indexing strategy, where sample‑specific combinations of forward 
and reverse identifiers attached to the barcode marker allow high sample throughput with a single sequencing run. 
It does not require further adapter ligation steps after amplification. We applied this protocol to 384 pollen samples 
collected by solitary bees and sequenced all samples together on a single Illumina MiSeq v2 flow cell. According to 
rarefaction curves, 2,000–3,000 high quality reads per sample were sufficient to assess the complete diversity of 95% 
of the samples. We were able to detect 650 different plant taxa in total, of which 95% were classified at the species 
level. Together with the laboratory protocol, we also present an update of the reference database used by the classi‑
fier software, which increases the total number of covered global plant species included in the database from 37,403 
to 72,325 (93% increase).
Conclusions: This study thus offers improvements for the laboratory and bioinformatical workflow to existing 
approaches regarding data quantity and quality as well as processing effort and cost‑effectiveness. Although only 
tested for pollen samples, it is furthermore applicable to other research questions requiring plant identification in 
mixed and challenging samples.
Keywords: DNA barcoding, High throughput sequencing, Illumina MiSeq platform, ITS2, Next generation 
sequencing, NGS, Osmia, Palynology, Pollination ecology
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Background
Identification of pollen origin is a central aspect in pol-
lination ecology studies [1–3] and agro-ecological 
research [4, 5]. Conventional pollen identification utilises 
light microscopy and discriminates species according to 
morphological characteristics [6]. This requires expert 
knowledge for the bioregion and taxa of interest [7], is 
time-consuming [8] and lacks discriminatory power at 
lower taxonomic levels [4, 8].
A promising approach to circumvent these issues has 
been to identify plant species in pollen samples by DNA 
sequence analysis. This can be done by, for example, clon-
ing amplified PCR products into plasmids and sequenc-
ing a subset of clones [8, 9] or sequencing pollen grains 
of interest [10, 11] or bee crop contents directly [12]. 
However, this often does not reflect the complete diver-
sity of plant species present, since only a subset of DNA 
sequences are analysed or only dominant plant taxa can 
be detected. Recent studies [7, 13–15] have identified 
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high throughput sequencing (HTS) approaches based 
on meta-barcoding as a suitable alternative for existing 
methods. However, current protocols still suffer from a 
limited sample throughput [7, 14, 15] and/or practicabil-
ity issues due to separate steps for PCR amplification and 
index labelling [13]. We here present a protocol for highly 
multiplexed pollen sequencing utilising a dual-indexing 
strategy [16]. An overview of existing methods along-
side our new approach is given in Figure 1. We designed 
meta-barcoding primers suitable for plant identification 
using the internal transcribed spacer 2 (ITS2) that already 
incorporate Illumina-specific adapters for high-through-
put sequencing as well as new sequencing primers that 
are added to the sequencing flow cell. The rationale for 
using ITS2 rather than other genetic markers for plant 
DNA barcoding in general is provided elsewhere [17] and 
its applicability regarding meta-barcoding criteria has also 
been successfully demonstrated [7, 13]. We tested our 
new approach by sequencing 384 pollen samples collected 
by two solitary bees species with known different foraging 
strategies: polylectic Osmia bicornis [18] and oligolectic 
Osmia truncorum [19]. Alongside this enhancement of 
the laboratory method, we updated the reference database 
used for ITS2 meta-barcoding [7] and added compatibility 
for the UTAX classification software [20] as a second and 
alternative strategy beside the RDP classifier [7, 21].
Figure 1 Comparison of different approaches for plant species identification in mixed pollen samples.
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Methods
Dual‑indexing design
As amplifying primers we used the well-established com-
bination of plant barcoding primers ITS-S2F [17] and 
ITS4R [22]. These were already used for plant species 
identification based on meta-barcoding [7] and deliver a 
fragment of suitable size for MiSeq v2 sequencing using 
500 cycles. For MiSeq-conformity, we expanded each 
of the primers according to the overall oligo scaffold 
described in Kozich et  al. [16]. This scaffold consists of 
MiSeq-specific adapters, an 8nt index sequence, a 10nt 
pad as well as a 2nt linker sequence and lastly the amplify-
ing primers. To successfully transfer the scaffold design to 
ITS2 sequencing, we ensured by minor modifications that 
the melting temperature (Tm) of the combined pad, linker 
and amplifying primer was ~65°C (see Additional file of 
Kozich et al. [16]) enabling the read primers to bind dur-
ing the later sequencing procedure. In the forward scaf-
fold, we adapted the pad sequence from 5′-TATGGTAATT
-3′ to 5′-CCTGGTGCTG-3′ (adapted nucleotides in bold). 
The pad of the reverse scaffold remained unchanged. 
Complete sequences of the final oligos were forward: 
5 ′ - AATGATACGGCGACCACCGAGATCTACACXXXXXXXX
CCTGGTGCTGGTATGCGATACTTGGTGTGAAT-3′ and 
reverse: 5′-CAAGCAGAAGACGGCATACGAGAT XXXXXXXX 
AGTCAGTCAG CCTCCTCCGCTTATTGATATGC-3′, where 
adapted nucleotides are denoted in bold and XXXXXXXX 
indicates the index sequences used for multiplexing. 
Both primer sequences were thus 32nt long, had a Tm of 
64.8°C, a 50% GC content and exhibited low self-com-
plementarity (longest dimer complement: 4  bp). They 
amplify a total fragment of approximately 470–480  bp, 
including the complete ITS2 sequence. The actual 
sequenced part of this fragment covers 350–360 bp (tar-
get only) and is thus within the range of 2 × 250 cycles 
sequencing, leaving some buffer for joining the paired 
end reads. We used 16 forward index sequences SA501–
SB508 and 24 reverse indices SA701–SB712, allowing 
a total of 384 unique combinations for sample indexing 
(Additional file of Kozich et  al. [16]). With ITS2-spe-
cific modifications, it was also necessary to modify the 
sequencing primers that are added to the MiSeq flow 
cell. We thus changed read and index primers as follows 
(adapted nucleotides in bold): Read1: 5′-CCTGGTGCTGGT
ATGCGATACTTGGTGTGAAT-3′, Read2: 5′-AGTCAGTCAG 
CCTCCTCCGCTTATTGATATGC-3′, Index: 5′-GCATAT-
CAATAAGCGGAGGAGG CTGACTGACT-3′.
Processing test samples
The newly designed dual-indexing approach was evalu-
ated with mixed pollen samples, collected from nests of 
the solitary bees Osmia bicornis (270 samples), Osmia 
truncorum (111 samples) and other Osmia spp. (3 
samples) at various sites near Würzburg, Germany from 
April to September 2013. Different samples originated 
from pools of two different brood cells from the same 
nest (likely the same mother bee few days apart). We 
chose this study system because we wanted to demon-
strate that different foraging strategies can be detected 
using pollen meta-barcoding. We documented flower 
resources available during the sample period within a 
50 m radius (all plant species) and within a 600 m radius 
(mass-flowering plants only) around the nest sites. This 
was done to gain information on species identity of 
flower resources available for bee foraging at the time of 
sampling (Additional file  1) and to be able to compare 
them with our sequence data.
DNA from ~0.003  g pollen grains was isolated as 
described by Keller et  al. [7] using the Macherey-Nagel 
Food Kit (Düren, Germany). PCR was performed in three 
separate 10 µL reactions in order to avoid PCR bias [23]. 
Each reaction contained 5  µL 2 ×  Phusion Master Mix 
(New England Biolabs, Ipswich, MA, USA), 0.33  µM 
each of the forward and reverse primers, 3.34  µL PCR 
grade water and 1  µL DNA template. PCR conditions 
were as follows: initial denaturation at 95°C for 4  min, 
37 cycles of denaturation at 95°C for 40  s, annealing at 
49°C for 40 s and elongation at 72°C for 40 s; followed by 
a final extension step at 72°C for 5 min. Each sample was 
assigned a different forward/reverse index combination 
for sample-specific labelling. Triplicate reactions of each 
sample were combined after PCR and further processed 
as described in Kozich et  al. [16], including between-
sample normalization using the SequalPrep™ Normaliza-
tion Plate Kit (Invitrogen GmbH, Darmstadt, Germany) 
and pooling of 96 samples. These pools were quality con-
trolled using a Bioanalyzer High Sensitivity DNA Chip 
(Agilent Technologies, Santa Clara, CA, USA), quanti-
fied with the dsDNA High Sensitivity Assay (Life Tech-
nologies GmbH, Darmstadt, Germany), and afterwards 
combined to a single pool containing all 384 samples. 
This was diluted to 8 pM, denatured and spiked with 5% 
Phix Control Kit v3 (Illumina Inc., San Diego, CA, USA) 
according to the Sample Preparation Guide (llumina Inc. 
2013). Sequencing was performed on the Illumina MiSeq 
using 2  ×  250 cycles v2 chemistry (Illumina Inc., San 
Diego, CA, USA).
Data analysis
Raw sequence reads were obtained from the Illumina 
MiSeq output directly, which includes sample reads 
already demultiplexed by the MiSeq Reporter v. 2.5.1.3 
with perfect index matches only. Forward and reverse 
reads were joined using the join_paired_ends.py com-
mand in QIIME v.1.8.0 [24] using default parameters. 
Low quality reads were removed (<Q20, <150  bp, 
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ambiguous base-pairs) with USEARCH v8.0.1477 [25]. 
Combined reads were taxonomically classified with the 
RDP classifier [21] as well as the UTAX algorithm and 
results compared to show that the data is compatible 
between both alternative analytical strategies. UTAX and 
RDP were executed for each sample separately.
In the following, we concentrate on UTAX, since the 
RDP classifier has been used previously for pollen taxo-
nomic assignments [7]. A raw score cut-off at 20 was 
used, as the UTAX algorithm does currently not provide 
bootstrap comparable confidence values (but is expected 
to incorporate these soon, see http://drive5.com/usearch/
manual/faq_taxconfs.html, accessed 2015/22/05). These 
assignment scores are however comparable between 
reads as long as subsequent analyses do base all upon the 
same database.
For data analysis, the raw UTAX output was parsed 
using a self-written perl script, which counts the number 
of assignments for each taxon and aggregates these into 
a single table (https://github.com/iimog/meta-barcod-
ing-dual-indexing). This table is converted into a com-
munity matrix format, with rows as species and columns 
representing samples, and a separate file with the taxo-
nomic lineage of each species is also created. These files 
are directly importable into common statistical software, 
e.g. R v.3.1.2 [26] using the package phyloseq v.1.6.1 [27]. 
To assess sufficiency of the sequencing depth, we created 
species accumulation curves for each sample using the 
vegan package v2.2-0 [28] in R v.3.1.2 [26], excluding taxa 
accounting for less than 0.1% of sample reads. Addition-
ally, we determined the ten most abundant plant families 
collected by O. bicornis and O. truncorum.
Reference database update
Beside the enhancement of the laboratory protocol, we 
considered it important to address also the actuality and 
completeness of the reference database. We thus per-
formed an update according to the annotation pipeline 
described for the ITS2 database [29, 30]. For this, we 
extracted all available ITS2 sequences belonging to Vir-
idiplantae from GenBank [31] (accessed on 2015/19/01) 
as described in detail in Koetschan et  al. [30]. The tax-
onomy follows the NCBI taxonomy database [32], which 
may not perfectly reflect evolutionary status, but is well 
usable for automatic procedures, due to its integration 
into the public NCBI framework. Taxonomy was assigned 
to the sequences by mapping the gi to the NCBI taxid. 
Taxonomic levels were selected at seven levels (kingdom, 
phylum, class, order, family, genus, species) using a cus-
tom perl script utilizing the NCBI::Taxonomy module by 
courtesy of F. Förster (doi:10.5281/zenodo.17375). RDP 
training files, a UTAX database and taxtree were cre-
ated with a custom perl script (https://github.com/iimog/
meta-barcoding-dual-indexing). The database update, 
scripts and information on how to use it with the RDP 
classifier or UTAX are provided at http://www.dna-ana-
lytics.biozentrum.uni-wuerzburg.de.
Results
Sequencing output and data analysis
In total we obtained 11,624,087 raw ITS2 reads (PhiX 
excluded), which accounted for an average of 30,271 
[standard deviation (SD): 11,373; median: 30,900] reads 
per sample. After data processing (low-quality <Q20, 
short reads <150  bp, ambiguous base-pairs), a mean 
of 15,580 (SD 6,598; median 15,740) reads per sample 
remained. Species accumulation curves (Figure  2) show 
that almost all samples were sequenced to saturation after 
approximately 2,000–3,000 high quality reads. Based on 
the ratio of raw to high quality reads, this accounts for 
approximately 4,000–6,000 raw reads required. Per sam-
ple pollen in bee brood cells originated from between 
one and 85 different plant species (Figure  2). Five per 
cent of samples (19) yielded an output of less than 2,000 
reads (minimum saturation threshold, Figure  2), which 
were removed prior to further analysis. Raw sequences 
are accessible via the EBI-SRA with the project accession 
number PRJEB8640.
Reference database update
Our previously published database contained 73,853 ref-
erence sequences of 37,403 unique plant species [7]. The 
updated version now contains 182,505 plant sequences 
from 72,325 different species. This is an increase by fac-
tor 2.47 (147% additional) for sequences and 1.93 (93% 
additional) for unique species. In comparison with the 
original reference set [7], with these data 80.1% (origi-
nal 53.1%) of the plant species and 90.4% (original 75%) 
of the genera in Bavaria, Germany, where our test sam-
ples originate from, were covered (data retrieved from 
http://bayernflora.de; accessed on 2015/01/24). Cor-
respondingly, for plant species in the USA, the data-
base covers 66.5–79.1% (median 76.1%) of species and 
73.8–87.3% (median 84.9%) of genera, depending on the 
US state (data retrieved from the BISON project; http://
bison.usgs.ornl.gov; accessed on 2015/04/02). In both 
cases, Bavaria and USA, missing species are likely rare or 
endemic to specific regions. A comparison of numbers of 
genera per order covered in the old and updated database 
versions can be found in the Additional file 2: Table S1.
Test samples
Regarding our samples, taxonomic classification (after 
filtering out rare taxa below 0.1%) identified 650 differ-
ent plant taxa, of which 617 could be classified taxonomi-
cally to plant species level, belonging to 288 genera, 71 
Page 5 of 9Sickel et al. BMC Ecol  (2015) 15:20 
families, 37 orders and nine classes. The remaining 33 
taxa (5%) could not be classified at the species level. Of 
these, 17 taxa could still be classified at genus level and 
another seven at the family level. Nine taxa remained 
that could not be classified even to family level. These 
belonged to the Sapindales, Fagales and Microthamniales 
(one taxon each) or remained unclassified (six taxa). At 
the genus level, RDP and UTAX taxonomic assignments 
agreed in ~90% of all read classifications, thus both clas-
sifiers yielded comparable results.
For both Osmia species together, approximately 50% of 
documented plant genera (<50 m: all plants, 50–600 m: 
only mass-flowering plants) were detectable within the 
sequencing data and contributed with ~75% to all qual-
ity-filtered reads. The two bee species differed clearly in 
foraging patterns as visible through plant families pre-
dominantly collected (Figure  3), as well as in the num-
ber of plant species with O. bicornis collecting up to 85 
plant species and O. truncorum collecting up to 50 plant 
species per brood cell (Figure 2). The ten most abundant 
plant families collected by O. bicornis were Brassicaceae 
(27.07%), Ranunculaceae (16.98%), Aceraceae (11.62%), 
Fagaceae (10.86%), Juglandaceae (7.16%), Papaveraceae 
(5.91%) Fabaceae (5.40%), Asteraceae (4.89%), Rosaceae 
(3.59%) and Plantaginaceae (2.62%). O. truncorum pollen 
was dominated by Asteraceae (92.92%), and only Capri-
foliaceae (1.51%) and Brassicaceae (1.14%) contributed 
more than 1% to the overall collection. The Asteraceae 
collected by O. truncorum contained a wide spectrum of 
plant genera, with 58 genera being detected, the ten most 
abundant of which were Picris, Jacobaea, Tanacetum, 
Artemisia, Achillea, Tripleurospermum, Inula, Cota, Leu-
canthemum and Crepis (Figure 3).
Discussion
High throughput sequencing (HTS) has been shown to 
be successful and valuable for taxonomic assessment of 
mixed pollen samples [7, 13, 15]. The drawbacks of exist-
ing protocols were the low number of samples processed 
simultaneously or inefficient multistep library prepara-
tions. Recent developments in sequencing technolo-
gies allow far larger multiplexing, given the enormous 
throughput already available with desktop NGS devices. 
Highly multiplexed sample processing has already been 
established for bacterial assessments using dual-indexing 
approaches with the MiSeq sequencer [16]. It was the 
goal of this study to transfer this knowledge to the field 
of plant meta-barcoding, in our specific case of pollen 
samples.
By adapting the primer design to the ITS2 region, 
modifying the oligo scaffold design, and adjusting the 
sequencing primers to be compatible with the MiSeq 
device, we successfully established a fast pollen DNA 
meta-barcoding routine with high multiplexing capa-
bilities. For our test samples, the newly designed prim-
ers were used to sequence 384 mixed pollen samples 
collected by solitary bees with a single sequencing run. 
In the original bacterial dual-indexing protocol [16], the 
potential for higher multiplex rates than 384 samples is 
suggested depending on required throughput to assess 
the diversity. Our sequencing results indicate that for 
pollen samples at least a depth of 2,000–3,000 high qual-
ity reads per sample should be reached to identify all taxa 
within the sample (plateau reached, Figure 2), which was 
comparable for the two bee species under study. How-
ever, this is of course highly dependent on number of 
plant species in the samples, which may be dependent on 
a b
Figure 2 Species accumulation curves. a Osmia bicornis samples; b Osmia truncorum samples. The x‑axis was limited to 5,000 reads as the satura‑
tion of all samples was below this threshold. The y‑axis was limited to 90 taxa in both plots to obtain the same scale. Taxa accounting for less than 
0.1% of total sample reads were excluded.
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sample origin, foraging behaviour and the biodiversity of 
the ecosystem of interest, but may serve nonetheless as 
a guideline for higher multiplex rates. Additional index 
combinations for more samples are provided in the Addi-
tional files alongside the protocol for the bacterial dual-
index approach [16].
Beside our dual-indexing strategy, another HTS-based 
approach has been recently proposed. There, PCR ampli-
fication and index labelling were conducted in separate 
steps [13], which is time and labour-intensive and intro-
duces a further step where errors may be introduced. 
In our protocol, PCR amplification and sample index-
ing occur simultaneously, which is highly practical and 
requires no special reagents, such as additional expen-
sive library preparation kits or adapter ligation chemi-
cals. In our protocol, the complete workflow accounts 
for less than USD 20.00 for materials per sample, when 
processing 384 samples simultaneously. This is much 
lower than conventional pollen analysis under the light 
microscope, which can reach several hundred USD per 
sample.
Most plant taxa detected could be successfully classi-
fied using the already shown RDP classifier [7, 21], but 
also the recently developed UTAX algorithm [25]. Due to 
the missing confidence values for taxonomic assignments 
in UTAX version 8.0 (announced for version 8.1, http://
drive5.com/usearch/manual/faq_taxconfs.html, accessed 
2015/22/05), we compared the classifications to the 
RDP output as well as the documented flower resources. 
UTAX and RDP showed high agreement between taxo-
nomic classifications, thus both may be used arbitrarily.
Approximately half of the genera found flowering near 
the nest sites were detected in the pollen samples. This 
is attributable to bee foraging preferences, where not all 
available resources might be used, especially for the oli-
golectic O. truncorum. Secondly, about three quarters 
of the reads were assigned to plant genera documented 
near the nesting sites (<50 m: all plant species, 50–600 m: 
a b
Figure 3 Pollen spectrum of the two bee species. a Ten most abundant families as collected by the bee species O. bicornis and O. truncorum. For 
O. truncorum ‘other’ include the families Apiaceae, Rosaceae, Fabaceae, Ranunculaceae, Plantaginaceae, Juglandaceae and Amaranthaceae. b Plant 
genera detected within the Asteraceae collected by O. truncorum. For visualisation reasons, only the eight most abundant genera are labelled. 
Please note that Aceraceae is now included within Sapindaceae.
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mass-flowering plants only). As bees are expected to for-
age also further away, the remaining reads are attribut-
able to pollen collected from undocumented plants or 
misclassifications.
According to our expectation, pollen composition pat-
terns were very different for the oligolectic and the pol-
ylectic bee species (Figure 3). O. truncorum samples were 
dominated by Asteraceae, whereas O. bicornis samples 
showed a wide pollen spectrum. Our data correspond 
to flower preferences and foraging strategies known for 
these species [18, 19]. This supports the high quality 
of information obtained by pollen meta-barcoding, as 
already intensively evaluated in another study [7]. It is 
noteworthy that even very rare taxa could be detected, 
which is of special interest in the oligolectic O. trunco-
rum and might be overlooked in light microscopy assess-
ment of pollen samples.
We would like to point out that abundance data obtained 
from molecular approaches should in general be inter-
preted with care and only as relative abundance (divided 
by total number of reads in the sample to account for vary-
ing library sizes). Contradicting results exist concerning 
the suitability of pollen meta-barcoding for quantification 
purposes, with Keller et al. [7] and Kraaijeveld et al. [14] 
finding a positive significant correlation between genera 
by light microscopy and meta-barcoding, whilst Richard-
son et al. [13] were not able to find such a connection. Due 
to the different steps in the workflow, e.g. dilutions and 
PCR, biases can be introduced, leading to skewed data and 
over- or underrepresentation of certain taxa. PCR bias is 
considered to be a random process and can be accounted 
for by performing replicate PCR reactions for each sam-
ple [23], which are pooled subsequently. We followed this 
approach in this study likewise to Keller et al. [7] to avoid 
PCR bias as far as possible. This may explain some of the 
discrepancy between studies, although a recent study indi-
cated that PCR replicates might not be necessary in pollen 
meta-barcoding [14]. The reduced amount of individual 
processing steps of direct indexing, (as performed here 
and in both studies identifying positive correlation [7, 14]) 
further reduces additional risks to introduce unwanted 
effects in comparison with the study using adapter ligation 
that shows no correlation [13].
In this study, samples of the same bee species show 
high consistency in abundance patterns of major taxa, 
which are easily biologically explainable. A good com-
promise for most studies investigating foraging patterns 
might be to not use direct count data, but conservatively 
categorising plant taxa into ‘abundant’ and ‘rare’ based on 
a threshold, as proposed by Keller et al. [7]. Where more 
detail is needed, a subset of samples may also be analysed 
in parallel by light microscopy for evaluation purposes [7, 
13, 14].
One major advantage of pollen meta-barcoding is that 
no expert knowledge on pollen morphology is required 
for taxonomic assignment. Additionally, species level 
assignment is possible even for closely related plant 
taxa. However, successful taxonomic assignment criti-
cally depends on the quality of the reference database. 
Our target marker was the ITS2 region, but other genetic 
markers might also be considered for plant species iden-
tification using meta-barcoding, e.g. trnL [14, 15] or 
rbcL plus trnH-psbA [8, 9]. The described dual indexing 
approach [16] can also be applied to other genetic mark-
ers, provided some considerations are taken into account 
as described for ITS2 in this study. On the laboratory side 
of the workflow, firstly target and thereby primer choice 
should be appropriate for universal amplification and 
plant species identification based on DNA sequence data. 
The amplified fragment should be of the appropriate 
size for the chosen MiSeq sequencing chemistry, e.g. no 
longer than ~480–490 bp for 2 × 250 v2 sequencing kits, 
allowing for some overlap between forward and reverse 
reads. Given these conditions are met, primer design can 
be performed following the guidelines from Kozich et al. 
[16] including the required modifications to the various 
oligonucleotides. However, as mentioned before, success-
ful plant species identification relies to a large degree also 
on the underlying reference database and bioinformati-
cal classification algorithm. For most alternative markers 
comprehensive reference databases are currently lacking 
and thus taxonomic classifications are mainly performed 
by a BLAST search [33] against sequences downloaded 
from GenBank [8, 9, 13–15], locally managed alterna-
tive databases [9] and/or newly acquired DNA sequences 
[8, 9]. BLAST searches are based on local alignments 
that may only use parts of each sequence (e.g. conserved 
regions) for classification, lack a hierarchy classification 
procedure and results can be difficult to interpret [7, 17] 
especially when results show hits for multiple, different 
taxa. Setting up locally managed databases is time- and 
labour-intensive a well as costly and makes it difficult to 
compare independent studies with one another. In the 
case of the ITS2 region, we benefitted from the already 
established ITS2 database [30], which contains annotated 
and trimmed ITS2 sequences from species worldwide 
and can be publicly accessed, improving overall compara-
bility across studies.
Although Chen et  al. [17] reported high identifica-
tion accuracies with ITS2 as a genetic marker, some 
plant taxa could not be identified in recent studies on 
pollen meta-barcoding [7, 13]. These included the fami-
lies Salicaceae, Lamiaceae [13] and Vitaceae [7] and 
the genera Lonicera [13], Heracleum, Carduus, Phace-
lia, Convolvulus and Helianthus [7], although they had 
been identified with microscopic pollen analysis. In 
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this study, we could detect all of these taxa. Failure to 
detect these families and genera with DNA sequence 
data was most likely due to incompleteness of the ref-
erence databases in these studies. Richardson et  al. 
[13] used in total only 2,628 reference sequences, that 
described about half of the locally occurring plant spe-
cies. In the case of Keller et  al. [7], we were able to 
directly compare the database then (73,853 sequences) 
and now (182,505 sequences), which revealed that for 
each of those plant taxa more reference sequences 
were included after the database update presented here 
(Additional file 3: Table S2). This explains the positive 
detection for those plant taxa in this study in contrast 
to earlier studies and again highlights the importance 
of a current and comprehensive reference database for 
meta-barcoding purposes.
Our test samples comprised only pollen samples col-
lected by bees, but in general ITS2 meta-barcoding can 
be applied to plant identification in other research fields 
where mixed samples are encountered, such as diet anal-
ysis of herbivores [34, 35] and in palaeo-ecology [36–38]. 
Furthermore, high-throughput DNA analysis of mixed 
plant samples can also prove valuable in food safety issues 
[39], honey quality analysis [8, 9] as well as allergen load 
assessment [14]. For such applications, alteration of the 
provided protocol for library preparation and sequencing 
is not needed, although the DNA extraction process may 
require alternative kits or adapted protocols specific for 
the material of interest.
Conclusions
We have successfully transferred a high-throughput 
technique for bacterial community sequencing to pol-
len meta-barcoding, which now enables labour- and 
cost-effective analysis of up to 384 mixed pollen samples 
simultaneously, thereby omitting drawbacks of previously 
established methods. We furthermore enhanced the 
database used for plant taxa identification based on HTS 
data. Additionally, our method should be easily adaptable 
to sample analysis of mixed plant origin in other research 
fields.
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